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Ultrafast sensing lies at the heart of diverse applications including spectroscopy,
nonlinear optics, and microscopy1–3. Here, by developing a programmable tem-
poral fan-out (TFO) gate, we propose and demonstrate a compressive tempo-
ral single-pixel imaging (CTSPI) scheme that can efficiently measure ultrafast
pulses by surpassing the Nyquist rate4–14. Benefiting from the spatio-temporal
duality of light pulses, our TFO can convert the input ultrafast pulse into a
programmable pulse train by using a digital micromirror device (DMD), result-
ing in an arbitrary control of the temporal structure. Compared to previous
temporal ghost imaging (TGI) schemes8,10–13, an advancement in temporal reso-
lution by 3 orders of magnitude, down to 16.00±0.01 fs, enables the successful
recovery of a 5 fJ terahertz pulse with over 97% fidelity at 30% compression
ratio (CR). The robustness of CTSPI against temporal distortions on TFO is
also illustrated. We apply the high sensitivity of our CTSPI to terahertz spec-
troscopy, aided by machine learning in order to accurately recognize samples at
low signal-to-noise ratios (SNRs). This technique brings new possibilities for
compressive spatio-temporal characterization, remote sensing, and high-data-
rate optical communications.
Ghost imaging was first inspired by the correlation of entangled photons15, and has now
evolved into a single-pixel imaging technique, which can resolve objects using structured illu-
mination and detectors without the requirement on their spatial resolutions16–19. Similarly,
CTSPI, which is the temporal analog of spatial single-pixel imaging, can also be developed
from TGI6–13. Analogously, CTSPI can resolve temporal signals with a resolution better
than the inverse of the detector bandwidth without requiring time lenses12,20, which is dis-
tinctive from TGI systems with GHz-level fast detectors and a limited temporal resolution
on the order of 10 ps8,11,13. Similar to its spatial counterpart, CTSPI does not need mechani-
cal stages, spectrometers or cameras as well, which leads to a significant simplification of the
measurement, as well as the enhancement of the SNR for detecting weak signals. Meanwhile,
compressive sensing (CS), a computational optimization algorithm to exploit the sparsity
of signals, can be used in CTSPI systems. Through under-sampling and reconstructing sig-
nals with an acquired number of measurement less than the Nyquist rate, CS provides the
possibility of fundamentally improving the measurement efficiency14. However, due to the
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difficulty of deterministically preparing programmable sequences of ultrafast pulses (ultra-
fast pulse trains), all existing TGI systems have to utilize random fluctuations in laser pulses
to achieve temporal modulation. Because these fluctuations are random, it is necessary to
over-sample the ultrafast signal to be able to characterize it with little noise8,10,11,13. There-
fore, CTSPI should be an ideal approach for ultrafast pulse measurements but has not yet
been demonstrated.
Spatial fan-out, which can duplicate an incoming light pulse into spatially separated
replicas, has been studied and utilized in optics21–24. Paradigms of spatial fan-out in optics
include non-polarizing beamsplitters and 1×N fiber optic splitters. As its analog in the
time domain, TFO duplicates the input optical pulse into coherent replicas separated in
the time domain, which forms an ultrafast pulse train. If the TFO gate is programmable,
ultrafast pulse trains with a variable temporal interval and arbitrary temporal structure
can be deterministically prepared, which enables new possibilities in atomic and molecular
control, ultrafast sensing and ultrafast waveform synthesis.
In this letter, by developing a programmable TFO gate, we propose and demonstrate
a CTSPI system. Our TFO gate mainly consists of a commercially available DMD, and
can deterministically prepare ultrafast pulse trains under arbitrary control. The minimum
temporal resolution (the temporal interval between two TFO replicas) ∆τ is 16.00±0.01
fs, which is 3 orders of magnitude shorter than previous TGI systems8,10,11,13. Benefiting
from this enhanced temporal resolution, our CTSPI system does not need to employ conven-
tional measurement devices including mechanical stages, spectrometers and cameras, and
is capable of measuring ultrafast pulses with sub-picosecond-level oscillations using only
kHz-level photodiodes, which links the ultrafast optical signals with slow electronics. In
our proof-of-concept demonstration, a weak terahertz (THz) pulse and two optical pulses
with different pulse durations at 125 fs and 90 fs, which are temporal objects in CTSPI, are
compressively imaged with over 97% fidelities (see Supplementary Section 3 for results of
optical pulse measurements). Similar to their optical and near-infrared (NIR) counterparts,
the performance of conventional THz measurement methods, either in efficiency or SNR,
degrades significantly when the pulses become weak. As a comparison, thanks to the high
sensitivity of our new approach, a THz pulse with about 3 V/cm peak electric field and 5
fJ pulse energy can be successfully measured with 97.43% fidelity at 30% CR by surpass-
ing the Nyquist rate. That is, we obtain this high fidelity with only 30% of the number
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FIG. 1: Schematics of the experimental setup and the structure of the TFO gate. (a):
Experimental configuration. The yellow dashed box indicates our TFO gate, and the blue
dashed box indicates the prepared ultrafast pulse train at the detection ZnTe crystal plane.
(b): A detailed sketch illustrates the layout of DMD and how its geometry leads to our
TFO. The dark red arrow shows the propagation direction of input ultrafast pulse.
α = 0.21 rad is the tilt angle of each micromirror while d = 10.8 µm is the separation
between two micromirrors. Dark red dashed lines represent the corresponding pulse front.
The ∆τ between two TFO copies, is given by: ∆τ = sin(2α)d/c = 14.66 fs, where c is the
speed of light in air. Note that, in the experiment, the incidence angle on DMD is 0
degree. (c): Examples showing how the TFO works. Each effective TFO replica consists of
5 DMD columns. Due to the long pulse duration of the NIR pulse, the separation between
two effective replicas is 240 fs to explicitly show the structure of pulse trains. The red
dashed trace indicates that the TFO copies at those temporal position are turned off by
modulating the TFO gate. All cross-correlation traces of pulse trains are averaged over 9
measurements.
of measurements necessary to reach the Nyquist rate14, which shows that our scheme is
fundamentally more efficient than conventional methods (see Supplementary Section 7). In
addition, our CTSPI is robust against distortions on TFO gate as well, which makes it easier
to align and therefore suitable for applications under challenging environments. Since the
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effectiveness of machine learning in the classification process has been demonstrated in both
classical and quantum scenarios25,26, we implement a machine-learning-enhanced ultrafast
THz time-domain spectroscopy system as a promising application of our technique.
Fig. 1(a) schematically illustrates the concept of our scheme, and Fig. 1(b) shows the
geometry and layout of the micromirror array. Our TFO gate consists of a DMD (Texas
Instruments DLP3000) and a lens (L1). Before the DMD, there is no time delay in the pulse
front of the incident pulse. After the DMD, N spatio-temporally separated fan-out replicas
are generated27. L1 is used to perform a Fourier transform so that, in the Fourier plane,
the input ultrafast pulse is converted to pulse trains containing N TFO copies at the same
transverse position. Due to the spatio-temporal duality, N depends on the number of DMD
columns illuminated by the incident pulse, which is 608. As shown in Fig. 1(c), the intensity
of each replica can be arbitrarily tuned by enabling only a subset of the mirrors in each DMD
column, which further encodes the entire pulse train on demand. ∆τ is determined by the
physical size and tilt angle of the micromirrors. For the current device, the measured ∆τ is
16.00±0.01 fs, which is essentially consistent with the theoretical value of 14.66 fs as shown
in the caption of Fig. 1. A larger ∆τ and a longer pulse duration of each TFO replica can
be achieved by combining multiple DMD columns together due to the interference between
adjacent TFO replicas. The total time window T depends on the overall size of the mirror
array, and is equal to N ×∆τ , which is 9.73 ps. It is noteworthy that, by selecting a DMD
chip with the appropriate specifications, different ∆τ , N and T can be achieved as well. The
encoding speed is mainly limited by the switching speed of the DMD, which can be as large
as 4 kHz in our system and can be further increased to 20 kHz by using a faster DMD chip28.
One of the beauties of CTSPI, as an analog of spatial GI, is that the temporal resolution
comes from the modulation on TFO but not from detectors. Therefore, our measurements
solely require detectors with bandwidth exceeding the modulation frequency of the DMD,
allowing the use of kHz-level photodiodes. Thanks to encoding the probe beam as opposed
to temporally modulating the THz pulses29, our scheme not only holds the advantage of
simplicity and reliability, but also can directly utilize commercially available DMDs with a
high modulation speed and damage threshold.
Fig. 2 shows the THz pulses reconstructed by a CS algorithm based on CTSPI. Limited by
the pulse duration of the original pulse (80 fs), we choose the ∆τ to be 64 fs by combining 4
DMD columns into 1 effective column. 128 TFO replicas constitute our probing pulse train
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FIG. 2: Recovered THz electric fields and spectra at different CRs (blue curves). The THz
fields and spectra measured by raster scanning a mechanical delay stage (red curves) are
shown for comparison. (a) and (d): Recovered THz field and spectrum at 20% CR. The
fidelity in THz field is 84.30% and the root mean square error (RMSE) is 14.92%. (b) and
(e): Recovered THz field and spectrum at 30% CR. The fidelity in THz field is 97.43% and
the RMSE is 7.69%. (c) and (f): Recovered THz field and spectrum at 40% CR. The
fidelity in THz field is 97.76% and the RMSE is 7.17%. THz pulses recovered by both CS
and raster scanning are measured without averaging and use the same ∆τ (64 fs). The
SNR of the THz pulse measured by raster scanning is ∼30. Due to the limited detection
bandwidth of ZnTe crystal, we only show the spectra in 0-4 THz range. A higher CR is
required if a broadband THz pulse with more high frequency components is measured. (g):
The measured and theoretical fidelities and RMSEs as functions of CR. The RMSE is
mainly limited by the noise in measurements. All results above are in good agreement with
simulation results in Supplementary Section 5.
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with T = 8.19 ps, and are encoded using a Walsh-ordered Hadamard matrix (128×128),
since the majority of the information in THz signals is carried by low frequency terms. As
illustrated in Fig. 2(d), by sacrificing high frequency components, a recovered THz pulse
with high fidelity (84.30%) can be achieved even at 20% CR. At this CR, the last sampling
pulse train is encoded by the 25th row of the Walsh-ordered Hadamard Matrix, which
results in the cutoff sampling frequency at 1.5 THz and a weak sidelobe at 2.4 THz. For a
CR of 30%, additional high-frequency terms are measured, leading to a near-unity fidelity
of 97.43% in THz field. As the CR goes higher to 40%, more high-frequency components
are collected but the improvement is little (97.76% in field). Therefore, all higher-frequency
terms can be ignored due to their relatively small contributions. These experimental results
are in good agreement with our theoretical predictions, which are shown in Fig. 2(g). As the
CR increases, both fidelity and RMSE change dramatically at first, and then gently become
stable after the CR reaches 30%. One interesting phenomenon happens in the theoretical
prediction that there are two discontinuity points in the slope of both RMSE and fidelity
curves. The first one locates at CR equal to 12.5% while the second one is at CR equal to
30%. These slopes in both RMSE and fidelity curves suddenly decreases to a slower rate after
the turning points. Similar observations has been found in previous spatial ghost imaging
work when researchers reorder the sampling matrix from natural order to other orders30.
Due to the spatial-temporal duality of light pulses, the performances of CS recovery for
spatial and temporal degrees of freedom share a similar behavior when we optimize the
sampling strategy by reordering the sampling order. Therefore, one can further optimize
the sampling strategy based on these turning points to further enhance the performance of
CTSPI.
Similar to its spatial counterpart, TGI has been demonstrated to be robust against dis-
tortions between the temporal object and detector, which allows high-purity-signal recovery
after passing through dispersive media8. Here, we demonstrate that our CTSPI approach
is also resistant to the distortion on the TFO gate, which is before the temporal object.
To demonstrate this robustness, we first intentionally make the illumination on the DMD
asymmetric, which is shown in Fig. 3(a). This results in a different intensity of each TFO
replica, and further leads to asymmetric pulse trains in the time domain (Fig. 3(c)). Despite
the distorted TFO replicas, the recovered THz signal, shown in Fig. 3(d) and (e), has a
fidelity of 96.96% in the field at 40% CR. The major information loss comes from under-
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FIG. 3: Recovered THz electric fields and spectra using distorted TFO gate at 40% CR.
Red arrows illustrate the propagation direction of NIR pulses. (a): How we distort TFO
gate with an asymmetric illumination. (b): How we move the Fourier plane of DMD 25
mm away from the detection ZnTe plane by moving TFO gate in the direction as the blue
arrow shows. (c): The measured asymmetric pulse train formed by the distorted TFO
copies. The ratio between the maximum and minimum in (c) is about 10. As a
comparison, this ratio is about 3 in Fig. 1(c) while the SNR is the same (∼350). (d) and
(e): The corresponding recovered THz field and spectrum. The RMSE in field is 7.21%.
(f): The measured pulse train when the detection ZnTe crystal is 25 mm out of the Fourier
plane of DMD. The intensity envelope becomes irregular and SNR is poor (∼80). (g) and
(h): Recovered THz pulse and spectrum using the distorted pulse train in (f). The RMSE
in field is 7.66%. (c) and (f) are averaged results of 9 measurements while THz pulses
recovered by CS and raster scanning have no averaging. All results shown above are
consistent with theoretical predictions in Supplementary Section 5.
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estimation of oscillations at the tail of the THz pulse (above 5 ps), which results from the
weak intensities of TFO replicas at the end of the pulse train. Next, as illustrated by the
blue arrow in Fig. 3(b), we move the location of the Fourier plane of DMD 25 mm away
from the ZnTe crystal by moving the TFO gate 25 mm away from the detection crystal.
Due to the spread of k-vectors of each replica at the Fourier plane, the TFO copies will be
spatio-temporally separated at the detection crystal plane. This leads to the spatio-temporal
coupled sampling, which yields an irregular pulse train envelope and lowers the intensity of
each sub-pulse (Fig. 3(f)). Nevertheless, as shown in Fig. 3(g) and (h), distorted pulse
trains do not affect the quality of the compressive signal, which has a fidelity of 98.34% in
field at 40% CR. Such a robustness can also be interpreted by the spatio-temporal duality of
light pulses. In ghost imaging, the spatial correlation between the intensity distribution and
position lies at the heart of the successful recovery of images. A distortion in the intensity
profile of the illumination distribution will lead only to the over- or under-estimation of the
object intensity, but will not affect the accuracy of object structure reconstruction. Simi-
larly, as long as the correlation between temporal position of each TFO replica and intensity
envelope of the entire pulse train is not destroyed, the THz pulse recovered by CTSPI will
be robust against distortions on TFO gate.
We demonstrate a compressive ultrafast THz time-domain spectroscopy (TDS) system as
one potential application of CTSPI, and show that we can improve its performance through
use of machine learning (ML). Five different samples (water vapor, glucose, lactose, benzoic
acid and KCLO4) are tested in the system, and 1000 sets of data of each sample are used
for training. To show the noise resistance of the ML-enhanced TDS system, the SNR of the
THz pulse is decreased to ∼10. As shown in the left side of Fig. 4(a), the measured THz
spectra have a classification accuracy of only 34.20% by calculating the maximum fidelity.
As a comparison, after training our convolutional neural network (CNN) with 5000 sets of
data, we can successfully classify the remaining 2000 sets of data (400 for each sample) with
an accuracy of 97.50% at 40% CR. More samples could be included in our CNN to provide
a more practical ultrafast THz TDS system.
In summary, our CTSPI system compressively measures ultrafast signals exclusively using
kHz-rate slow detectors and an ultrafast TFO gate. The 16.00±0.01 fs temporal resolution
enables the successful measurement of a 5 fJ THz pulse and two optical pulses with high
fidelity. The robustness against distortion on the TFO gate is also demonstrated. Lastly, we
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FIG. 4: CNN-enhanced THz spectroscopy. (a): The sample classification in our ultrafast
THz TDS system based on CNN. Due to the poor SNR and limited integration time, the
fingerprints of each sample get lost and cannot be identified from spectra (blue curves),
which leads to a classification accuracy of 37.8% when no ML is involved. Red curves are
desired spectra that we are trying to match. After training the CNN, we have an average
classification accuracy (averaged over 5 trained CNN) of 96.8% at 40% CR and the best
accuracy can reach 97.5%. (b): Confusion matrix of the classification process. See
Supplementary Section 6 for more details.
show that our technique can be used to perform ultrafast THz TDS with the help of ML. Our
CTSPI system is a temporal analog of spatial single-pixel imaging using structured illumi-
nation, and substantially enhances the performance of previous TGI systems in resolution,
sensitivity, efficiency and robustness. Our distinctive technique gate will lead to potential
applications including compressive spatio-temporal characterization, remote sensing, and
high-data-rate optical communications.
I. METHODS
As shown in Fig. 1(a), a 800 nm NIR laser pulse (Maitai oscillator laser from Spectra-
Physics) with 80 fs pulse duration and 80 MHz repetition rate is split by a 45:55 non-
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polarizing beam splitter (BS1). The average power is 1.02 W which corresponds to 12.75 nJ
pulse energy. The diameter of the probe pulse is expanded to 30 mm by two lenses with focal
lengths equal to 75 mm and 500 mm, respectively (not shown in figure). One rectangular
aperture stop (3.7 mm by 6.6 mm, not shown in figure) is used to select the central part of
the expanded probe pulse, providing a relatively uniform intensity distribution. The selected
probe pulse is then incident on the DMD (Texas Instruments DLP3000). Note that, our
DMD chip is the most basic one which has a medium micromirror size, a small amount
of micromirrors and a small total size of the mirror array. Therefore, by using a more
advanced commercially available DMD with a smaller mirror size (a shorter ∆τ , e.g. ∼11
fs), a larger N (e.g. 2560) and a larger total size (a larger T , e.g. ∼28 ps), one can easily
extend the potential applications of our scheme. After DMD, a 250-mm-focal-length lens
(L1) is used to perform the Fourier transform, and the detection ZnTe crystal (10×10×3
mm) is placed at the Fourier plane. In the signal arm, a delay stage (not shown in the
figure) with two mirrors is used to measure THz waveforms (red curves in Fig. 2 and 3) for
comparison. The NIR pulse is then focused onto an 1-mm-thick ZnTe crystal using a 75-
mm focal length lens (L2) to generate THz pulse. Two 4-inch-focal-length parabolic mirrors
(PM1 and PM2) are used to collimate and refocus THz pulses onto the detection ZnTe. An
ITO-coated glass plate is used as a dichroic mirror to combine THz and probe beams. After
the detection crystal, a conventional electro-optic sampling detection unit is used, which
consists of a quarter-wave plate, a Wollaston prism and a balanced photodiode detector
(Hamamatsu Photonics S2386-8K). The signal from the balanced photodiode detector is
finally measured by a lock-in amplifier (Stanford Research Systems SR830). The acquisition
time of each measurement (one pattern on DMD or one temporal position on delay stage) in
either CTSPI or delay stage raster scanning is the same (100 ms). However, the integration
time (time constant) on lock-in amplifier is different. The delay stage raster scanning has a
integration time of 100 ms while the CTSPI data is 30 ms to avoid the rolling average on
lock-in amplifier. Therefore, the SNR of each measurement in delay stage raster scanning is
1.83 times stronger than the CTSPI data.
Compared to the minimal ∆τ of the pulse train, our laser pulse has a relatively long pulse
duration of 80 fs. Therefore, we combine 4 DMD columns together as an effective column.
Due to the fact that TFO replicas are coherent, these 4 copies will coherently add-up so
that the ∆τ of pulse trains in our THz measurement is 64 fs. For the same reason, to
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avoid the multi-pulse interference between adjacent TFO replicas, we represent each row of
Hadamard matrix as the sum of four sub-rows. Letting the Nth row be defined as {ai}, we
set the sub-rows as { bi = ai, for i= 0,1,2,3 mod 4 }. For example, the 2nd row of H8 is:
H8,2 =
{
1 0 1 0 1 0 1 0
}
. (1)
We break it into a 4 by 8 matrix consisting of 4 sub-rows:
H8,2 =

1 0 0 0 1 0 0 0
0 0 0 0 0 0 0 0
0 0 1 0 0 0 1 0
0 0 0 0 0 0 0 0

. (2)
This procedure will quadruple the acquisition time but provide a precise pulse train with
less interference between adjacent TFO replicas, and hence the accurate measurement. One
can skip this procedure when a short pulse duration laser is used. The corresponding sim-
ulation results can be found in Supplementary Section 5. It is noteworthy that the original
Hadamard matrix consists of both 1 and -1 elements. However, since our DMD can only
encode non-negative values, we use shifted Hadamard matrix in our temporal encoding:
Hshift = (H + 1)/2.
The sampling rate of our system in is 10 Hz (for data in Fig. 2 and 3). Even though the
sampling speed is faster than our delay stage (∼4 Hz), we does not fully utilize the potential
speed that could be attained with TFO gate. To achieve kHz-level speed, the hardware of
our system, including a faster data acquisition system and a more sensitive THz detector,
has to be upgraded with details given in Supplementary Section 7.
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